Introduction
Supported metal catalysts used in many large-scale processes consist of small (-l(t10OO A) aggregates or crystallites of metal dispersed on high-surface-area metal-oxide supports. Since the metal aggregates are nonuniform in size, shape, and catalytic properties, the best attainable relations between structure and catalytic performance have been based on the average structural properties which are inferred-wmetimes tenuously-from indirect structure probes. Only for very small aggregates of structurally simple supported metals are structures well defined; X-ray absorption spectroscopy, combined with other physical methods, has been decisive in the structure determination^.'-^ Alternatively, supported organometallic species analogous to molecular structures are attractive as model supported metal catalysts offering several advantages with respect to fundamental understanding of structure and performance: (1) the structure can, in prospect, be determined with precision, on the basis of comparisons of sample spectra and those of fully characterized *To whom correspondence should be addressed.
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University of Delaware. molecular analogues; (2) the nature of the bonding between the organometallic species and the support can be determined with precision on the basis of comparisons of specta of surface species with those of analogous molecular structures incorporating ligands similar to those of the functional groups terminating the support surface. Therefore, the often ill-defined issues related to the structure of supported metal catalysts and metal-support interactions can be placed on a firm fundamental foundation.
The supported "molecular" organometallics that have been characterized most thoroughly are triosmium clusters anchored to silica and to a l~m i n a .~-~ The structure has been inferred to between carbon and oxygen. With these theoretically calculated values, they inferred an average Os-Os distance of 2.84 A. They suggested that the surface structure analogous to that shown in Figure 1 might be accompanied by a surface structure incorporating two bridging oxygen ions of the surface; this latter structure has not been suggested by other authors. The reactivity and catalytic activity of the oxide-bound cluster HOs3(CO),o{OAI} have been investigated in some detai1.5-9-14-'6 On the basis of the stoichiometry of the r e a c t i~n ,~ infrared and Raman spectra,* it has been inferred that heating of the supported cluster to about 120 OC (the value is supportdependent) in vacuum or He leads to breaking of the Os-Os bonds, oxidation of the osmium to the divalent state, and evolution of CO and H2. Surface O H groups are the oxidizing agent. The resulting structure has been p o s t~l a t e d~-~ to be Osl'(CO),, where n = 2 or 3. Infrared spectroscopy has been used to establish details of the structure of this mononuclear surface complex and to follow the reversible carbonylation-decarbonylation process.' Electron micrographs of these broken-up clusters on y-alumina suggested the presence of three-atom ensembles of Os; the Os ions were inferred to have remained on the surface very nearly where the clusters were originally b~n d e d .~, '~ The reconstitution of a fraction of the clusters induced by CO was taken as evidence confirming the presence of these en~emb1es. I~ To provide a more nearly definitive structural characterization of these surface species, we have performed EXAFS experiments with O S~( C O )~~, the alumina-supported triosmium cluster, and the broken-up cluster on alumina. We report here the results with full details of the data analysis procedure. Experimentally determined phases and backscattering amplitudes were used for the analysis of the EXAFS data characterizing the alumina-supported cluster and the broken-up cluster. O S~( C O )~~ was used as an experimental reference for the Os-C=O coordination. To determine reliably the contributions to the EXAFS spectrum arising from the various groups coordinated to osmium, the difference file technique was applied' together with phase-and/or amplitude-corrected Fourier transforms.
The results confirm the earlier structural conclusions and cast doubt on the EXAFS results published for the alumina-supported osmium cluster. Detailed information has also been obtained that characterizes the structure of the broken-up cluster on alumina, in particular the coordination of osmium with support oxygen ions.
Experimental Section
Materials and Catalyst Preparation. Os,(CO) ,2 was obtained from Strem and used without further purification. n-Octane (Fisher analyzed) was freshly dried and redistilled in the presence of metallic sodium under N,. Dichloromethane (Fisher analyzed) was freshly dried and redistilled in the presence of phosphorus pentoxide under nitrogen.
The y-alumina used as a support was grade D supplied by Ketjen; the BET surface area was about 250 m2/g. The alumina was treated for 5 h in flowing oxygen at 400 OC, purged with N, for 2 h at 400 OC, cooled to room temperaure under vacuum, and then transferred under N, to a drybox. For the preparation of the catalyst, 4 g of A1,03, 65.3 mg of Os,(CO),,, and 200 mL of n-octane were added to a 500-mL flask in the absence of air. The mixture was stirred and refluxed or 90 min. Upon refluxing, the deep yellow solution became colorless and the solid particles yellow. These observations suggest that most of the cluster had been adsorbed on the alumina. The slurry was transferred under nitrogen to a Soxhlet apparatus, where the solid was extracted with dichloromethane for 10 h to remove physisorbed cluster. The extract solutions were pale yellow. The resulting solid, containing about 1 wt % Os, was dried under vacuum for 10 h and then stored under N, in a drybox. A fraction of the sample was held for 5 h at 150 OC in a calcining tube for thermal decomposition of the surface-bound cluster; this sample was also handled under N2. Infrared Spectroscopy. Infrared spectra of self-supporting wafers were measured with a Nicolet 7 199 Fourier transform spectrophotometer. The details of the cell design are reported by Barth et al.I4 The samples were self-supporting wafers. The spectral resolution was 4 cm-I. The spectrum be the following from (1) the stoichiometry of the synthesis from OS,(CO),~ and surface OH groups (splitting off two CO ligand^),^
(2) infrared spectra in the carbonyl (3) Raman spectra indicating Os-Os bonds! and (4) observations by high-resolution electron microscopy, indicating surface structures with the size of the clusters and no larger metal structure^.^-'^ All the spec-' 0 ' -Aim troscopic results were interpreted by comparison with spectra of analogous compounds with known crystal structures, such as HOs,(CO),,(OH). Recently, the crystal structure of an excellent analogue of the silica-supported cluster, HOs3(CO),oOSiEt3, has been reported ( Figure ) ) . I ' This surface structure should perhaps be regarded as well established, but a complete characterization requires a confirmation by X-ray absorption spectroscopy, which can in prospect determine the average interatomic distances and the metal oxidation states in the surface organometallic structures. There are two communication^'^.'^ reporting EXAFS (Extended X-ray Absorption Fine Structure) spectra of oxide-supported triosmium clusters. The results do not provide clear and convincing confirmation of the structure suggested above, although they are consistent with this and similar structures.
Besson et al. be calculated theoretically,26 or can be extracted from EXAFS data for a reference compound with known structure. To obtain the phase shift and backscattering amplitude experimentally, the EXAFS data of the reference compound are Fourier transformed according to eq 3. In the resulting spectrum in r space, the peak representing the atoms for which a reference is needed is back transformed to k space between suitable values of Rmin and R,,, (eq 4). This step requires a spectrum in r space of the sample prepared from OS,(CO),~ and y-Ali03 compares very well with spectra of previous report^.^,^ The powder was pressed into self-supporting wafers to give samples of good uniformity. The wafer thickness was chosen to give a total X-ray absorbance of about 1. An EXAFS sample cell allowed measurements at liquid-nitrogen temperatures and in situ treatments of the sample a t elevated temperatures to decompose the supported cluster in a helium atmosphere. The data collection time for each run was about 25 min.
Experiments were carried out with the alumina-supported cluster, the decomposed cluster, and a reference material consisting of a physical mixture of approximately 1 wt. % crystalline O S , ( C O ) ,~ with silica powder.
Data Analysis
Data Analysis Procedure. A general expression for the measured EXAFS x ( k ) has been given by Stern et aI.l7-I9 (eq l). The
EXAFS function is a superposition of contributions from different coordination shells; the index j refers to the jth coordination shell. Rj is the average coordination distance between the absorbing atom and the neighboring atoms in thejth coordination shell, p j ( k ) is the phase shift which the photoelectron experiences during the scattering process, and Aj(k) is the amplitude function, which is expressed as in eq 2. Nj is the average number of scatterer atoms in thejth coordination shell.
is the mean square deviation about the average coordination distance R (caused by themal motion and/or static disorder). Fj(k) is the backscattering amplitude characteristic of a particular type of neighboring atom. SO2(k) is a correction for the relaxation of the absorbing atom and multielectron excitations.20 X is the mean free path of the photoelectron. A is a correction term (A N R , ) in the mean free path concept, which is used because So2(k) and F,(k) already account for most of the photoelectron losses in the first coordination shell. The expression is valid for the case of small disorder with a Gaussian pair distribution f~n c t i o n .~I -~~ In order to separate the contributions from different shells, the EXAFS function x ( k ) is Fourier transformed. The Fourier transform e,,(r) is expressed as in eq 3. A kn weighting (usually
is used to equalize the envelope of x ( k ) over the transformation range, with n depending on the amplitude variation and signal-to-noise ratio of the measured signal. The function &(r) will contain peaks which are related to the actual coordination distances Rj, but these peaks are shifted toward lower r values due to the influence of the phase shift @j(k) in eq 1. 25 The exact values of R and N for a shell of scatterer atoms j can be found when the phase shift @j(k) and backscattering amplitude Fj(k) for the absorber-scatterer pair are known; @ j ( k ) and Fj(k) can 
(4)
in which the peak of interest is well separated from all other peaks. When the chemical state of the absorber-scatterer pair under observation does not differ too much in the unknown and reference compound, then only N, R, and u2 will differ in eq 1 and 2.17 Nrer and Rref are known because the structure of the reference compound is known. Thus, using a reference compound we obtain Nand R of an unknown shell directly and u2 of this unknown shell relative to that of the reference compound. We consider empirically determined phases and amplitudes to be more reliable than those determined theoretically.26
To analyze an EXAFS spectrum composed of different contributions giving a strong overlap of the corresponding peaks in r space after Fourier transformation, one normally uses the technique of fitting in k space. In such a fitting process, a multiple-shell formula such as eq 1 is fitted to the experimental EXAFS signal. A large number of adjustable parameters must be estimated in this process, and it is well possible that small differences in k space, not associated with the fitted coordination distances, may be compensated by incorrect parameter values. In order to check the reliability of the parameters obtained by fitting in k space, one has to compare the Fourier transform (the imaginary part as well as the magnitude) of the experimental results with the corresponding transform of the EXAFS function calculated with the parameter values found by fitting in k space. We have found that a reliable separation of the different contributions in an EXAFS spectrum can be obtained by applying the difference file t e c h n i q~e l~~~ and using phase-and/or amplitude-corrected Fourier transforms.
A phase-and amplitude-corrected Fourier transform can be obtained when x ( k ) in eq 3 is substituted by'x28-30 A Fourier transform, phase-and amplitude-corrected for an X-Y absorber-scatterer pair, yields the following features: (1) Peaks which have a positive imaginary part of the Fourier transform (peaking at the maximum of the magnitude of this Fourier transform) are due to neighbors of atom type Y. These peaks have their maxima at the correct X-Ydistance. ( 2 ) Peaks which are not symmetrical are a superposition of more than one contribution. Thus, the use of corrected Fourier transforms can be a great help in the identification of different types of neighbors by application of different phase and/or amplitude corrections.
To analyze a composite EXAFS spectrum, we further use the difference file technique. In this technique, the parameters R , N, and Au2 (relative to the reference compound) of the largest contribution in thespectrum are first estimated from a spectrum in r space (obtained by Fourier transformation, phase-and/or amplitude-corrected for the atom type which causes the largest contribution). When the estimated parameters are judged to be satisfactory, an EXAFS function calculated with these parameters is subtracted from the experimental EXAFS signal. In the re- maining signal, again the largest contribution is estimated. It may be necessary, especially for superposed contributions, to alter slightly the parameters of previously calculated shells. In the end this iterative process results in a set of best parameters. During the iteration, the agreement in k space is regularly checked. The calculated EXAFS signal, composed of the different contributions, should agree as well as possible with the experimental result in k space and in r space. It is our experience that theoretical phase shifts and backscattering amplitudes are not reliable enough (especially at low values of k ) for the data analysis procedure described above.
Moreoever, in the case of O S~( C O ) ,~
and related compounds, the use of reference compounds yields an extra advantage. In Os3-(CO),, the Os-C-0 angle is 169°.31 Thus, multiple scattering is expected, and indeed observed, for the 0s-O ~h e 1 1 .~"~~ Since multiple scattering contributions are difficult to calculate quantitatively, use of a reference compound is preferable.
In this work we used as reference compounds O S , ( C O ) ,~, Pt foil, and Na2Pt(OH),. From the oS3(CO)12 data, a reference was extracted for the Os--C=O moiety, as outlined below. We used Pt foil data35 to estimate the Os-Os contributions and Na2Pt(OH)6 data36 to estimate the Os-O,,pprt contributions. These references were used because Os metal and Os oxide data measured under the same experimental conditions at the same EXAFS station were not available. We justify the choice of our references in the Discussion.
Results
Os-CO Reference. A physical mixture of O S~( C O ) ,~ and SiO, was characterized to provide a reference for the Os-CO shell. The EXAFS spectrum (Figure 2 ) is a superposition of an Os-Os and an Os-CO contribution. Separation of these two contributions is not straightforward because the Os-Os and Os-0 peaks in r space (after Fourier transformation) are superimposed. Even a k3 weighted transform, which should separate the Os-Os and Os-0 peaks as well as possible, is not sufficient (Figure 3a) .
The best way to separate the contributions was found to be an estimation of the Os-Os contribution in k space. Since C and 0 cause negligible backscattering at values of k greater than - the EXAFS data for k > 11 A-' (Figure 4) .
After subtraction of the calculated Os-Os contribution from the experimental results, a Fourier transform was again applied, with a k3 weighting used to separate the Os-C and Os-0 peaks in r space as well as possible. By use of an Os-0 phase correction, a peak pattern should be obtained in r space with two symmetrical imaginary parts, one with a positive peak (the Os-C shell) and one with a negative peak (the Os-0 shell). The negative imaginary part of the Os-0 peak is due to the multiple scattering contribution (see Discussion). To get perfectly symmetrical peaks Comparing the imaginary parts of the Fourier transforms of the parent Os,(CO),, cluster and the supported cluster shows that strong interferences are present between r = 1.8 and 2.7 A. This result indicates the presence of an additional scatterer, most probably support oxygen. Between r = 0 and 1.8 A, the Fourier transform for the supported cluster is very similar to that of the parent Os,(CO),, cluster. Assuming the commonly accepted structure5-' for the supported cluster (shown above), we expect to infer evidence of Os-Os, Os-CO, and O S -O ,~~~, interactions from the EXAFS data. Of these contributions, the Os-CO contribution is expected to be the greatest and thus the easiest to determine. The loss of two CO ligands per cluster during chemisorption should result in an average EXAFS coordination number Nos-co = 1013. When this value for Nand the distances and Rosa equal to the values characterizing the unsupported parent cluster (Ro,-c = 1.95 A and Raa = 3.09 A) were used, the EXAFS for an O s 4 0 shell was calculated. A Debye-Waller factor (relative to the unsupported cluster) of 0.0025 A2 was found to give the best agreement in r space (between r = 0 and 1.8 A)
with the experimental results. The experimental results for the supported cluster and the calculated Os-CO shell (both k' Fourier transformed, Ak = 4.2-9.0 A-l, 0s-O phase corrected) are shown in Figure 6a . This calculated Os-CO contribution was subtracted from the experimental results. The difference spectrum should contain at least two contributions, namely the Os-Os and O S -O , ,~~~~ shells. Since it is entirely possible that the Os, skeleton is only negligibly affected by the reaction with A1203, we took the parameters of the Os-Os shell to be those of the unsupported parent cluster 
R , ,
= 2.16 A, and Aa2 = -0.004 A2 (relative to Na2Pt(OH),) gave the best agreement in r space (between r = 1.7 and 2.6 A) with the corresponding Fourier transform of the remainder of the data (Figure 6c) .
The coordination parameters for all calculated shells are summarized in Table I and compared with the experiment (Figure 10 ). The agreement in k space and in r space is rather good. However, deviations appear at low r values, especially between r = 1.5 and 2 A.
These deviations are probably caused by changes in the Os-CEO geometry with respect to the O S~( C O ) ,~ cluster. First, in 0 s * I --C = O the a-back-bonding effect is inferred to be weaker, resulting in longer Os-C and shorter C a distances. Second, we infer that in Os1-the 0s-C-O angle is closer to 180'. This leads to a further enhancement of the Os-(C=)O while the contribution of the Os-C shell is not affected.
The parameters of the calculated shells are summarized in Table  11 . The average Naq0 coordination number of 2. 
Discussion
Methods of Data Analysis and Reference Compounds. Interpretation of EXAFS data is sensitive to the assumptions underlying Duivenvoorden et al. the analysis, and often the assumptions have been less than fully stated in published EXAFS studies; consequently it is difficult to determine the validity of structural models and to compare results presented by different groups. In the next paragraphs the assumptions used in our analysis are evaluated on the basis of the EXAFS technique. Then the results for (1) O S~( C O ) ,~, the reference compound; (2) the supported cluster; and (3) the broken-up cluster on the support are interpreted and compared with data reported in the literature. In the following sections, we evaluate the agreement between the structural models presented in the literature and the EXAFS results, finally drawing some conclusions concerning methodologies for evaluation of EXAFS data and comparing the structures of the supported "molecular" osmium species with those of other supported metals.
A crucial issue in EXAFS spectroscopy is centered on the need for well-characterized reference compounds and the incorporation of EXAFS data characterizing those reference compounds in the interpretation of spectra of less-well-characterized samples. In The data analysis carried out in this work involved the use of phase-and/or amplitude-corrected Fourier transforms, the difference file technique, and fitting in k space. A sensitive criterion was used to estimate the reliability of the parameters, which were determined by the fitting procedures in k space. This consisted of a comparison of the Fourier transform (the imaginary part as well as the magnitude) of the EXAFS function (calculated with these parameters) with the corresponding Fourier transform of the experimental results.
Os-CO Reference. The parent cluster O S , ( C O ) ,~ has been used as a reference to characterize the Os-C=O moiety, since it is expected to be similar in the supported clusters. The Os-C=--O moiety was estimated by subtracting the calculated Os-Os contributions from the experimental EXAFS results obtained for O S~( C O ) ,~. The coordination number ( N = 2) and @-Os distance (2.88 A, determined by X-ray diffraction for Os,(CO),,) were taken as fixed parameters in the analysis. When a coordination distance of 2.88 8, is used for the calculation of the Os-Os contribution, the (Os-0 phase corrected) Fourier transform of the difference file (experimental results minus calculated Os-Os EXAFS, thus representing the Os-CO contribution) has an imaginary part which peaks positively at 1.93 8, (Os-C) and negatively at 3.08 8, (Os-) . This result is in agreement with the higher energy of the Os-Os bonds in osmium metal (sublimation energy = 730 kJ/mol) in comparison with that of Pt-Pt bonds in platinum metal (570 kJ/mo1).38
The occurrence of multiple scattering in the Os-0 interaction is shown in the phase-corrected Fourier transform (Figure 3b ).
The amplitude of the peak at 3 A is much greater than the value that would be expected on the basis of the simple 1 /? dependence indicated by eq 2. Another indication of multiple scattering is the phase shift of a rad of the Os-0 peak, which results in an imaginary part with a negative peak located at the maximum of the magnitude of the Fourier transform. Similar multiple scattering effects have been observed in the Fourier transforms for (Rh(CO)2C1)2,27 Na2Fe(CO)4,33 and M o ( C O )~.~~ The EXAFS function obtained by back transformation (not shown) was found to give an excellent representation of the Os<& coordination. Those data were therefore used for the analysis of the EXAFS data characterizing the Os-C=O moieties in the supported clusters and the broken-up clusters. Since a quantitative theoretical calculation of this multiple scattering process is difficult, even with the best available methods, we expect that experimentally measured values of the phase shift and backscattering amplitude for this moiety will give the most reliable analyses of the EXAFS data.
Assessment of the Structural Models. The starting point in the analysis of the EXAFS data for the supported cluster was the assumption of the H O S~( C O )~~( O A~) structure indicated by the stoichiometry of the synthesis from Os,(CO),, and surface OH groups and the results of infrared, Raman, and electron microscopy experiments mentioned in the Introduction. Therefore, a value of 3.35 (approximately 10/3) was assumed for the number of CO ligands per Os atom, and the number of nearest Os neighbors of each Os atom was taken to be two. The Os-Os distance was taken to be 2.88 A, which is the distance in crystalline O S~( C O ) ,~. An Os-Os distance of 2.84 A, as was found in the analysis by Cook et al.I3 of EXAFS data of the triosmium cluster supported on yA1203, leads in our analysis procedure to imaginary parts of the Fourier transforms of the calculated EXAFS contributions which do not match those of the corresponding difference file and experimental results.
The EXAFS results strongly confirm the structural model, being fully consistent with the spectroscopic and stoichiometric data mentioned immediately above. The alumina-supported triosmium cluster is inferred to be one of the best-defined structures on a metal-oxide support. The key to the structural determination is the full spectroscopic characterization, with EXAFS being essential, which is based on comparisons with spectra of analogous molecular structures characterized by X-ray crystallography. We recognize that an improved structural determination of the surface-bound cluster could be obtained from EXAFS with the use of better reference compounds (such as, for example, HOs,-(CO),00SiEt311). We also emphasize that EXAFS results cannot provide any evidence of the bridging hydride ligand; its existence is based entirely on inference.
The most significant new result characterizing the supported cluster is the determination of the coordination number and average length of the bonds involving the surface oxygen of the support. The average coordination distance was determined clearly by the EXAFS data when the structural assumptions for the Os-CO shell (loss of two CO ligands per cluster upon adsorption) and the Os-Os coordination ( N = 2, R = 2.88 A) were built into the analysis. The average O S -O , , ,~~~~ coordination number of 0.65 means that two osmium atoms of the Os, skeleton are bonded to a surface oxygen of the support. EXAFS cannot distinguish whether one (bridging) oxygen or two oxygen atoms of the support are involved. Chemical arguments support the former.
The absence of any Os-Os oscillations in the experimental EXAFS spectrum and the average Os-CO coordination number of N = 2.8 provide strong confirmation of the structure of the 
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mononuclear complex formed by breakup of the cluster on the alumina support, OS*~(CO)~{OAI)~ (n = 2 or 3).5^7 The structure determination might be improved by use of a reference compound such as the presumably oligomeric (OS~~(CO)~I,), which has iodide ligands bridging divalent osmium ions. The influence of the M-C-0 angle on the experimentally obtained phase and backscattering amplitude needs to be investigated in more detail.
The striking new results characterizing the broken-up cluster are the determination of the number of surface oxygen ions bonded to the osmium and the distance between the Os and these ligands. These results were determined straightforwardly and with a high degree of confidence from the analysis of the EXAFS data. An analogous structure of a metal ion with two CO ligands bonded to three support oxygen ions with a short oxide-type bond length has been reported recently by Van 't Blik et al.27 This type of surface species was formed during CO chemisorption at room temperature upon very small rhodium metal particles supported on -pA1203. The CO chemisorption process induced a disruption of the metal particles leading to a Rh1(C0)2{OAl)3 complex.
Perspectives on EXAFS of Supported Organometallics and S d
Metal Clusters. One of the central research goals in surface catalysis is to relate catalytic properties to structures of welldefined materials. EXAFS can give exact, detailed information about the structures of supported organometallics and small metal aggregates. As shown in this work, EXAFS also can provide precise structural information characterizing the interface (or bonds) between the organometallic species and the support. It is evident that there is fertile ground for further study of organometallics that can serve as structural analogues of metalsupport interfaces (as in typical supported metal catalysts). The results can be expected to lead to a better knowledge of metalsupport interactions. Decomposition of the supported organometallic cluster into mononuclear complexes followed by a reduction to ultrahighly dispersed metal particle^'^^^^ provides the possibility to follow with EXAFS the formation of the metalsupport interface.
In this work we have determined a distance of 2.17 A between the osmium ion (formed by decomposition of the triosmium cluster) and the oxygen ion of the support. A recent EXAFS study by Asakura et al." of a decomposed ruthenium cluster on alumina shows a distance of about 2.17 A between the ruthenium ion and the support oxygen; after reduction in H2 at 400 OC the formation of small ruthenium entities (consisting of three to four atoms) was observed. Analysis of the EXAFS data by fitting in k space showed the same ionic-type distance between the ruthenium and support oxygen after reduction. A striking feature was the stability of these ruthenium entitites at high temperatures, showing a catalytic behavior different from that of typical ruthenium metal particles (d > 10 A). Covalent-type coordination distances between metal atoms present in the metal-support interface and oxygen ions of the support have been characterized with EXAFS for very small rhodium and platinum metal aggregates (consisting of 5 to 10 atoms) supported on y-A1,031940341 and Ti02.42*43 The EXAFS signal arising from the metal-support interface for very small metal particles is large enough in comparison to the EXAFS contribution of the metal-metal coordination to allow a reliable determination of the structure of the metalsupport interface. For rhodium, a value of about 2.7 A was found for the coordination distance between a rhodium metal atom ( R -1.3 A) and the oxygen ion ( R -1.4 A) of the support. This distance is much greater than the distances observed between the atoms in the ruthenium entitites and the support. The rhodium atoms in the small rhodium aggregates were certainly metallic, as determined by XPS,27 hydrogen chemi~orption,~~ and catalytic experiments.u
On the basis of the results of the catalytic experiments and the EXAFS structural studies reported here and in the literature, we infer that the oxidation state of the ruthenium atoms in the small ruthenium entities39 is different from zero. More EXAFS investigations are needed to characterize further the bonds present in the metal-support interface.
In summary, the results of this work show the unique value of the well-defined surface-bound organometallics as models of supported metal catalysts. The results provide a firm basis for further EXAFS studies of metal-support interfaces, which will lead to a better understanding of metal-support interactions.
